Abiotic stresses in plants are often transient and the recovery phase following stress removal is critical.
Stress-related GO categories involved in water deprivation and ROS increased upon submergence 159 and rose further during recovery (K5).
160
To obtain an understanding of processes important for strong performance during recovery, 161 we identified genes at each harvest time-point differing in mRNA abundance between the two 162 accessions (Fig. S2E ), and genes that responded to the treatments differently ( Fig. S2E and F) .
163
Treatment-independent differences increased after submergence and increased even further after the 164 brief recovery period. This was reflected in the number of differentially expressed genes (DEGs) in the 165 accession-specific treatment responses, which was largest when considering the combination of 166 submergence and recovery ( Fig. 2B and Fig. S2F ).
167
Genes with accession-specific regulation were sorted into seven clusters of similarly regulated 168 genes by fuzzy K-means clustering, in which enriched GO categories were identified (Fig. 2C) . The 169 five largest clusters (K1-K5) of contrasting response genes were characterized by stronger regulation 170 in Bay-0 compared to Lp2-6. During submergence in Bay-0, the GO terms rRNA processing and 171 ribosome biogenesis were strongly downregulated and only marginally recovered upon de-172 submergence. In Lp2-6, these genes hardly responded to submergence and returned to their original 173 values upon recovery. The same behavior was found in cluster 2 (K2), however, with no recovery in 174 Bay-0 but with a clear recovery response in Lp2-6. GO categories enriched in K2 were related to 175 photosynthesis, light stimuli, and pigment biosynthesis. Cluster 4 (K4), the largest group, was 176 characterized by strong upregulation during submergence and little recovery response in Bay-0. Yet, in 177 Lp2-6, gene induction during submergence was smaller and expression values approached their 178 original control levels during recovery. Corresponding GO categories were related to ethylene and 179 abscisic acid (ABA) signaling, senescence, autophagy, biotic defense, and oxidative stress.
181

Inability to Maintain ROS Homeostasis Hinders Recovery
182
Ribo-seq analyses strongly pointed towards oxidative stress and ROS metabolism as important 183 recovery components. As fuzzy K-means plots revealed, both similarly-and contrastingly-responding 184 genes are overrepresented in GO categories related to oxidative stress ( Fig. 2C and Fig. S3 ). During 185 submergence, more of these transcripts were associated with ribosomes, with a further increase after 186 3 hours of recovery. Since this trend was stronger in Bay-0, we investigated the hypothesis that Bay-0 187 experienced greater oxidative stress thus hindering recovery.
188
ROS production was measured by assessing levels of the lipid peroxidation product 189 malondialdehyde (MDA). After 5 days of submergence (0 hour after de-submergence), shoot MDA 190 levels were similar to levels in shoots from control non-submerged plants and not different between the 191 accessions ( Fig. 3A) . During subsequent recovery, MDA levels sharply increased in sensitive Bay-0 192 within 3 hours, and continued to increase over the 3 days of recovery monitored. By contrast, MDA 193 levels in Lp2-6 shoots remained much lower at all recovery time points. ROS production in 194 intermediate leaves was directly quantified using electron paramagnetic resonance (EPR) 195 spectroscopy, which facilitates radical species detection by combination with a spin trapping technique 196 to prolong radical half-life. EPR revealed that ROS content in intermediate leaves under control 197 conditions was close to the detection limit ( Fig. 3B ). Whereas ROS levels were comparable between 198 the accessions at the end of 5 days of submergence, levels began to increase 1 hour after de-199 submergence in both accessions. This indicated that ROS production is most pronounced following 200 de-submergence. In Bay-0, ROS accumulation peaked at 3 hours of recovery. Afterwards, ROS levels 201 dropped but remained relatively high until the last measurement time point of 24 hours after de-202 submergence. ROS levels surged in Lp2-6 1 hour after de-submergence, corresponding with 203 concurrent slightly higher MDA production, but subsequently dropped and remained at significantly 204 lower levels than Bay-0 at all subsequent time points. ROS were also measured on intermediate 205 leaves from plants placed in darkness for 5 days followed by recovery in control light conditions (Fig. 
206
S4A). In both accessions, despite higher ROS levels than control leaves after 5 days of darkness, 207 there was no increase in the recovery period and ROS decreased to the same levels as control plants 208 at 7 and 24 hours of re-illumination. Thus, the ROS burst and ROS content differences during recovery 209 between the two accessions following de-submergence are linked to re-oxygenation rather than re-210 illumination.
5
The direct ROS measurements confirmed that recovery triggered greater ROS accumulation 212 and associated damage in Bay-0. We therefore hypothesized that improved recovery in Lp2-6 is 213 associated with higher oxidative stress tolerance. To assess this, non-submerged plants were sprayed 214 with increasing concentrations of ROS generating methyl viologen (25, 26) . For all methyl viologen 215 concentrations tested, Bay-0 had significantly higher MDA levels than Lp2-6, indicating higher ROS-216 mediated damage and sensitivity to oxidative stress ( Fig. 3C ). To determine whether higher oxidative 217 stress tolerance of Lp2-6 could be a consequence of better ROS amelioration capacity, the 218 antioxidants glutathione and ascorbate were quantified in intermediate leaves. After 5 days of 219 submergence, ascorbate content was significantly higher in Lp2-6, but glutathione levels were similar 220 to that of non-stressed plants in both accessions ( Fig. 3D and E) . Starting from 1 hour of recovery, 221 both glutathione and ascorbate increased significantly in Lp2-6, and continued to increase compared 222 to controls (pre-sub) up to 3 to 5 hours after de-submergence. Although ascorbate levels increased in 223 Bay-0, it was delayed compared to Lp2-6 (from 1 day of recovery onwards).
224
Additionally, we looked for candidate accession-specific genes in the Ribo-seq dataset that 225 could explain higher ROS production in Bay-0. We identified the plasma membrane bound NADPH 226 oxidase RESPIRATORY BURST OXIDASE HOMOLOGUE (RBOHD; At5g46910) that catalyzes ROS 227 production. Ribosome-associated transcript abundance of RBOHD increased during submergence in 228 Bay-0, and recovery conditions further elevated RBOHD transcript abundance compared to a 229 moderate induction in Lp2-6 ( Fig. S2D ). This was further confirmed at the level of total transcript 230 abundance by qRT-PCR in an independent experiment ( Fig. S4B ).
231
To assess the physiological role of RBOHD and an associated ROS burst during recovery, the 232 well characterized rbohD-3 loss-of-function mutant (27, 28) was investigated in comparison to its wild-233 type background Col-0, which is of intermediate submergence tolerance (29, 30) . The rbohD-3 mutant 234 effectively limited ROS production during recovery as discerned by extremely low MDA content in 235 contrast to wild-type Col-0 plants ( Fig. 4A and Fig. S4A ). However, despite the high MDA content (Fig. 
236
4A), wild-type plants recovered from submergence better than rbohD-3 as reflected in higher 237 chlorophyll content ( Fig. 4B ) and faster new leaf formation ( Fig. 4C; Fig. S4C ).
238
The necessity of a transient ROS burst involving RBOHD upon de-submergence to initiate 239 signaling might explain slower recovery of rbohD-3 mutants. However, based on higher RBOHD 240 transcript accumulation in Bay-0, we hypothesized that excessive and prolonged ROS production 241 hinders recovery. To test this, the transient ROS burst observed upon de-submergence (3 hours and 1 242 hour after de-submergence in Bay-0 and Lp2-6 respectively), was manipulated by chemical inhibition 243 of RBOH activity. Rosettes were sprayed with the NADPH oxidase inhibitor diphenyleneiodonium 244 (DPI) during the first hour after de-submergence. In Bay-0, DPI application significantly reduced MDA 245 content during recovery ( Fig. 4D ). Furthermore, DPI boosted Bay-0 recovery compared to mock-246 sprayed plants ( Fig. S4D ), as reflected in significantly higher chlorophyll content within 1 day of 247 recovery ( Fig. 4E ) and faster new leaf development ( Fig. 4F ). For Lp2-6, which accumulated less ROS 248 upon recovery, DPI application further reduced ROS production as indicated by MDA content (Fig. 
249
4G). MDA content in DPI-sprayed plants was low at all recovery time points, although slightly higher 250 than levels in rbohD-3, whereas mock-sprayed plants had strong MDA accumulation up to 3 days of 251 de-submergence. Even though the dampening of recovery by DPI on Lp2-6 was not as severe as in 252 the rbohD-3 ( Fig. S4E ), recovery was hindered in DPI-sprayed Lp2-6 plants as indicated by lower 253 chlorophyll content ( Fig. 4H ) and delayed production of new leaves (Fig. 4I ).
254
These data demonstrate that excessive ROS accumulation limits recovery, whereas limited 255 and controlled ROS production soon after de-submergence is beneficial for recovery. In Bay-0, DPI 256 application likely dampened the otherwise excessive ROS formed upon de-submergence, thus 257 improving recovery. However, Lp2-6 recovery was hampered when ROS levels were significantly 258 reduced over the recovery time course. We conclude that a fine-tuned balance between production 259 and scavenging of ROS generated by RBOHD and possibly other NADPH oxidases is critical for 260 recovery of leaf formation and ultimately fecundity following de-submergence.
262
Dehydration Stress Upon De-Submergence Hampers Recovery
263
Accession-specific DEGs were also enriched for GO categories associated with dehydration: ABA 264 response and senescence ( Fig. 2C ). Dehydration and senescence were clearly visible during recovery 265 and these symptoms were more severe in Bay-0 ( Fig. 1A) . To assess leaf water management during 266 recovery, relative water content (RWC) was measured in intermediate leaves following de-267 submergence ( Fig. 5A ). RWC dropped significantly in both accessions 3 hours after de-submergence, 268 although Lp2-6 retained higher water status. RWC values above 70% were maintained at subsequent 269 time points by Lp2-6, while values dropped below 65% by 3 hours and did not recover in Bay-0. A 270 similar trend was observed in water loss assays in detached de-submerged shoots over a 6-hour 271 period. In both accessions, in the first hour after separation from the root, a steep increase in water 272 loss was observed in detached shoots (Fig. 5B ). Yet, water loss at all subsequent time points was 273 significantly lower in Lp2-6.
274
As rate of water loss is closely linked to stomatal conductance, we investigated whether the 275 differences in dehydration response between the accessions was related to stomatal traits. Stomatal 276 size and density were not significantly different between the two accessions ( Fig. S1E and Fig. S1F ).
277
However, stomatal aperture following de-submergence differed between Bay-0 and Lp2-6. While most 
282
Stomatal aperture regulation in response to drought signals is primarily controlled by ABA, 283 supported by appearance of the "response to ABA" GO category ( Fig. 2C and Fig. S3 ). To examine 284 stomatal responsiveness to exogenous ABA in the two accessions, abaxial epidermal peels from non-285 stressed plants were incubated in varying ABA concentrations ( Fig. 5D ). Lp2-6 was more sensitive to 
297
The Ribo-seq data revealed accession-specific genes in the "ethylene-activated signaling pathway" 298 ( Fig. 2C ). To further investigate the role of ethylene in the differential submergence recovery 299 responses of the two accessions, whole plant ethylene emission was measured. Ethylene production 300 was significantly higher in Bay-0 than in Lp2-6 after 5 days of submergence (0 hours of de-301 submergence), and this trend persisted 1 hour and 1 day after de-submergence ( Fig. 6A ). Ethylene 302 production in Lp2-6 was almost half that in Bay-0. To investigate whether this ethylene was causal to 303 the stomatal response and plant performance, as reflected in higher chlorophyll loss in Bay-0 during 304 recovery, ethylene action was blocked using 1-methylcyclopropene (1-MCP). Treatment of Bay-0 305 plants with 1-MCP following de-submergence strongly reduced the number of open stomata (Fig. 6B) 306 and decline in chlorophyll content ( Fig. 6C ). We next explored the Ribo-seq dataset for genes that 307 might mediate the ethylene effect on stomatal behavior and chlorophyll loss during recovery. Amongst 308 the accession-specific genes, we identified two previously confirmed targets of the transcription factor 309 EIN3, a positive regulator of ethylene signaling (31, 32): SENESCENCE ASSOCIATED GENE 113 310 (SAG113; At5g59220) and the transcription factor NAC DOMAIN CONTAINING PROTEIN 311 6/ORE1/ORESARA 1 (ANAC092/NAC2/NAC6; At5g39610).
312
Both SAG113 and ORE1 were identified as accession-specific genes with increased 313 ribosome-associated transcript abundance in Bay-0 during submergence and 3 hours of recovery,
314
whereas Lp2-6 showed low induction of these transcripts. This trend was confirmed using qRT-PCR in 315 an independent experiment assessing total SAG113 and ORE1 transcript abundance ( Fig. 7A and B) . 7 SAG113 encodes a protein phosphatase 2C implicated in the inhibition of stomatal closure to 317 accelerate water loss and senescence in Arabidopsis leaves (33, 34) . ORE1 has been previously 318 characterized as a positive regulator of leaf senescence (35) (36) (37) . In accordance with their identity as 319 EIN3 targets, 1-MCP treatment of Bay-0 following de-submergence significantly repressed ORE1 and 320 SAG113 transcript abundance increase during recovery ( Fig. 7C and D) . Although 1-MCP suppressed 321 the de-submergence promoted transcript accumulation, both ORE1 and SAG113 are also reported to 322 be ABA inducible (33, 38) . However, application of an ABA antagonist (AA1) (39) significantly 323 suppressed the de-submergence-induced increase in transcript abundance of SAG113 only (Fig. S5 ).
324
Accordingly, AA1-treated plants had a higher percentage of closed stomata corresponding with the 325 role of SAG113 in stomatal closure of senescing leaves (Fig. S5E ). Effectiveness of the ABA inhibitory 326 action of AA1 was confirmed with rescuing ABA-induced inhibition of seed germination ( Fig. S5F ) and 327 dark-induced senescence as described by (39), and qRT-PCR of the ABA-regulated genes RD29B 328 and RD22 ( Fig. S5C and D) .
329
Evaluation of a previously characterized knockout mutant for SAG113 (33, 34), revealed 330 significantly fewer closed stomata at 3 and 6 hours after de-submergence compared to the wild-type 331 Col-0, correlating with significantly reduced water loss ( Fig. 7G and H) . Loss-of-function ore1 mutants 332 (35), had less leaf chlorosis and significantly higher chlorophyll content after 5 days of recovery than in 333 wild-type Col-0 plants (Fig. 7I ). In conclusion, SAG113, induced by the higher ethylene production and 334 ABA levels in Bay-0, contributes to premature stomatal opening and subsequent dehydration.
335
Simultaneously, higher ethylene production in Bay-0 was responsible for ORE1 induction leading to 336 senescence, as reflected in higher chlorophyll breakdown.
338
Discussion
339
Timely recovery following stress exposure is critical for plant survival. Flooding severely reduces light 340 intensity and gas exchange and subsequent effects on respiration and photosynthesis cause a severe 341 energy and carbon imbalances (2). Floodwater retreat poses new stress conditions as low light-and 342 hypoxia-acclimated plant tissues encounter terrestrial conditions again. Here we exploited two 343 Arabidopsis accessions in which differences in submergence tolerance were primarily due to 344 distinctions in submergence recovery. This system revealed that superior recovery after de-345 submergence is an important aspect of submergence tolerance linked to reproductive output and thus 346 plant fitness (Fig. 1C ). Using these accessions, we sought to identify molecular and physiological 347 processes and regulatory components influencing recovery.
348
It is generally accepted that the transition back to re-illuminated and re-oxygenated conditions 
359
ROS production has been previously implicated in hypoxia signaling (43, 44) . RBOHD is an 360 Arabidopsis core hypoxia gene (45, 46) and a transient RBOHD-mediated ROS burst during hypoxia 361 was found to be essential for induction of genes required for hypoxia acclimation (anaerobic 362 metabolism) and seedling survival (44). Pretreatment of Arabidopsis seedlings with DPI prior to 363 hypoxia reduced core response gene upregulation and limited survival (43) . RBOHD is also a 364 candidate gene within a quantitative trait locus conferring submergence tolerance in 10-12 leaf stage 365 Arabidopsis (47). Our results demonstrate that RBOHD also has an essential role in submergence 366 recovery. In Lp2-6, higher oxidative stress tolerance was linked to restricted ROS accumulation within 367 one hour of de-submergence and a significant increase in antioxidant status ( Fig. 3D and E) . Clearly, 368 maintenance of a delicate balance of ROS and antioxidants is critical to cellular homeostasis. While 369 controlled ROS production is essential, it needs to be countered by an effective antioxidant defense 370 system that can manage excessive ROS accumulation and associated damage. The recovery signals 371 regulating RBOHD are unclear, but it is likely to be under hormonal control.
372
Our work also highlighted dehydration stress and accelerated senescence as deterrents to 373 recovery. Plants recovering from flooding often experience physiological drought due to impaired root 374 hydraulics and/or leaf water loss (9, 13, 48, 49) . Tolerant Lp2-6 rosettes regulated water loss following 375 de-submergence more effectively than Bay-0. The inferior hydration status of Bay-0 correlated with 376 earlier stomatal re-opening 3 hours following de-submergence. The smaller stomatal apertures of Lp2-377 6 most probably counteracted dehydration during recovery. The Ribo-seq data and hormone 378 measurements indicated a stronger ABA response in Bay-0, conflicting with the role of ABA in 379 promoting stomatal closure in response to drought signals. However, the Ribo-seq data also revealed 380 a possible role for ethylene signaling in mediating recovery differences between the accessions (Fig. 
381
2C). Ethylene is a senescence-promoting hormone that can antagonize ABA action on stomatal 382 closure (50). Elevated ethylene production following de-submergence in Bay-0 corresponded with both 383 an earlier stomatal reopening and greater chlorophyll loss, since chemical inhibition of ethylene 384 signaling during recovery reversed both traits. We suggest that ethylene action is mediated through 385 the EIN3 target genes, SAG113 and ORE1, identified as accession-specific regulated genes with 386 higher transcript abundance in Bay-0 during recovery. Accordingly, knockout mutants in the Col-0 wild-387 type background, with intermediary submergence tolerance (29), showed improved recovery following 388 de-submergence, associated with improved water loss and reduced senescence. Although previous 389 work on Arabidopsis seedlings recovering from anoxic stress (8) 
396
The increase in SAG113 transcript abundance following de-submergence was reduced upon 397 application of an ABA antagonist indicating ABA regulation of this gene ( Fig S5A) . This implied that 398 high ABA levels in Bay-0 would promote stomatal opening via SAG113 upregulation, rather than 399 closure, which appears counterintuitive. However, this may reflect interplay between ABA and ethylene 
404
Based on our findings, we propose a signaling network that regulates submergence recovery.
405
Following de-submergence, dehydration caused by reduced root function and re-oxygenation generate 406 the submergence recovery signals ROS, ABA, and ethylene that elicit downstream signaling pathways 407 regulating various aspects of recovery (Fig. 8) . Recovery signaling requires RBOHD-mediated ROS 408 production, but this must be transient to prevent subsequent oxidative damage and photoinhibition.
409
ABA and ethylene signaling likely interact to control stomatal opening, dehydration and senescence 410 through regulation of genes such as SAG113 and ORE1. This work provides key new insights into the 411 highly regulated processes following de-submergence that limit recovery of Bay-0 and bolster survival 412 of Lp2-6, emphasizing selection on mechanisms enhancing the return to homeostasis. background and were genotyped to confirm the presence of the insertion (Table S1) 
435
Inc., USA). Chlorophyll a and b concentrations were calculated following the equations of (52).
436
Rosettes and leaves were dried in a 70°C oven for 2 d for dry weight measurements.
438
Seed Yield 
504
Philadelphia, USA). Control plants were placed in a separate desiccator to control for humidity effects.
505
After 15 min, plants were replaced in normal growth conditions. 5 ppm of 1-MCP was reapplied to the 506 plants every 4 h during the first day after de-submergence.
508
Relative Water Content 
518
Stomatal Imprints
519
Adaxial sides of leaves were imprinted using a silicone-based dental impression kit 
544
Ethylene Emission Measurements
545
Ethylene production was measured based on (51). 2 shoots were placed in a 10 mL glass vial and 546 entrapped ethylene was allowed to escape for 2 min before tightly sealing the vials. Bay-0 Lp2-6
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